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EXPERIMENTAL  STUDIES ON THE AERODYNAMIC PERFORMANCE AND 
DYNAMIC RESPONSE OF FLOW DIRECTION  SENSING  VANES* 
BY 
P.S. Barna** 
and 
Gary R. Crossman*** 
SUMMARY 
Systematic investigations were performed on a variety of aerodynamic 
surfaces t o  obtain their performance characteristics and determine the i r  
potenti a1 for possible application to wind vanes. Among the surfaces tested 
were : 
(a) single vanes consisting of f la t  p la tes  of var 
aspect ratios between 0.5 and 5; 
( b )  bi-vanes w i t h  aspect ratio 2.5; 
(c) various cone  and box vanes; and 
( d )  various  cruci form confi  gurati ons . 
ious planforms having 
These models were subjected to windtunnel tes t s  i n  the Engineering 
laboratories at  Old Dominion University. In addition to l i f t  and drag force 
measurements, damping and frequency tes t s  were performed under a variety of 
flow conditions. 
These tests were performed i n  the range of Reynolds numbers 3 x lo4  to  
1.3 X lo5. 
* This report  includes  results  of  research performed under tasks NASl-9434-49, 
NAS1-11707-10, and NAS1-11707-40. 
** Professor  of Mechanical Engineering, School of  Engineering, Old  Dominion 
University,  Norfolk,  Virginia 23508 
*** Assistant Professor of Engineering Technology, School of Engineering, Old 
Dominion University,  Norfolk,  Virginia 23508. 
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INTRODUCTION 
The simplest wind vane is the "weathercock" which has been known for some 
considerable time and has been used t o  visually determine the "climatic" wind 
direction i n  the open air .  In comparison t o  modern standards, these devices 
were re1 atively crude instruments w i t h  generally slow response and thus have 
had limited scientific application. Recently, however, more sophisticated 
wind vanes have been developed t o  accurately and promptly determine the direction 
of airflow under a variety of  flow conditions. In some instances, when determi- 
nation of wind speed is also desired, a propeller f i n d s  application and together 
w i t h  the wind vane this type of sensor has gained popularity i n  various fields 
of application. In a i rc raf t  testing, vanes are employed t o  accurately determine 
such variables as airspeed, g u s t  velocity*, angle of attack, angle of slide-slip, 
etc. In meteorology, increased emphasis on atmospheric turbulence studies has 
resulted i n  a renewed interest  i n  meteorological sensors which would rapidly 
respond t o  h i g h  frequency disturbances. As a result  of this demand  numerous 
investigators have s e t  o u t  t o  review the existing theory of oscillating wind 
vanes and t o  design and t e s t  various models i n  order t o  determine- -preferably 
also t o  improve- -their overall performance. 
These efforts produced a variety of designs which are described i n  numerous 
papers l is ted i n  the reference section. However, af ter  reviewing these papers 
i t  was f e l t  that additional studies were needed t o  answer some questions s t i l l  
outs tanding concerning the pertinent parameters and design procedures which 
ultimately would lead t o  instruments w i t h  optimum response. In order t o  attain 
this a t e s t  program was instituted which centered around systematic investigations 
relating t o  the aerodynamic performance and dynamic response of vanes or fins 
under steady flow conditions. Accordingly, i n  this program the performance and 
response characteristics of numerous  model vanes of  various sizes and shapes were 
obtained. The results of these studies are summarized i n  this paper. 
SYMBOLS 
a 1 i f t  curve slope dCL/da, radians 
A.C. aerodynamic center  (center of pressure) assumed 1/4 chord distance from 
1 eadi ng edge 
* Usually coupled w i t h  a windmil 1. 
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aspect ratio, b2/S 
span o f  a wing,  m 
chord, m 
mean chord, S/b 
chord a t  root ,  m 
normal force coefficient o f  single vane 
average torque coefficient for bi-vanes 
l i f t  coefficient of vane 
drag coefficient o f  vane 
moment coefficient of vane 
center of  gravity of vane 
distance between bi-vanes, m 
damping of  vane 
cri ti cal damping 
Young’s modulus of e l   as t i   c i  t y  
normal force  acting on vane, N 
natural  frequency, Hz 
damped frequency, Hz 
overshoot ra t io  
mass  moment o f  iner t ia ,  kg/m2 
area second moment, m4 
response length, m 
mass of vane 
u n i t  of torque, 
radi a1 distance 
Nm/degree 
from p i v o t  t o  center of gravity of vane, m 
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armlength, radial  distance of  normal force t o  p i v o t ,  m 
armlength o f  bi-vanes, m 
dynamic pressure, 7 pU2 
vane area, m2 
time, sec 
time response for amplitude t o  decrease from B, t o  BR, sec 
vane thickness, m 
torque  generated by bi-vanes, Nm 
time required f o r  eo t o  decrease t o  7 B,, sec 
approach ai r velocity, m/s 
load per u n i t  span o f  wing , N/m 
distance from leading edge t o  A.C. , m 
angle o f  incidence enclosed between a chord and airstream, degrees 
displacement o r  oscillations, radians 
i n i t i a l  displacement or  offset  angle, radians 
ampl i tude a f te r  time lapse of t R  , radians 
arm angle of b i  -vanes , degrees 
kinematic visocity of a i r ,  m2/s 
angular frequency of oscillations, rad/s 
vane sett ing o r  trim angle, degrees 
density of a i r ,  kg/m3 
density of  vane material , kg/m3 
damping rat io  
re1 a t i  ve def 1 ecti  on 
specific time response when 2rlnBo/BR = 1 
peak ratios of  successive ampl i tudes of osci 1 lations 
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CONSIDERATIONS  CONCERNING VANE DESIGN 
The term wind vane o r  weather vane refers to a simple system generally , 
consisting of three components : (a) an aerodynamic surface which is  the vane 
i t s e l f ,  ( b )  an  arm, t o  which the vane i s  attached a t  one end, and (c) a counter- 
we igh t  a t  the other end of the arm that  s ta t ical ly  balances the vane.  Between 
the vane and counterweight a pivotal axis i s  located generally a t  the center of 
gravity of the system about which motion takes place. I t  is a necessary condition 
that the vane under consideration is  free to rotate about the axis so i t  can 
align itself parallel w i t h  the airstream w i t h o u t  r e s t r a in t .  I t  is understood that,  
when a well designed vane is displaced from equilibrium and is  subsequently 
released, i t  always promptly returns t o  i t s  former equilibrium position parallel 
to the direction of the wind through a few oscillations w i t h  rapidly diminishing 
amp1 i tude. 
Generally a vane design should satisfy various c r i te r ia  of different or ig in .  
These c r i te r ia  may be divided i n t o  three major categories, namely, (a )  aero- 
dynamic, ( b )  structural , and (c )  manufacturing c r i te r ia ,  each o f  which embraces 
a different field of study. 
The pertinent parameters related to vane design and performance are influenced 
by the interaction between these three criteria. More specifically, aerodynamic 
c r i te r ia  concern dynamic responses such as frequency and  damping of the system 
resulting from aerodynamic forces acting on the particular vane configuration. 
The structural  cri teria relate t o  st iffness or rigidity of the vane configuration 
and i t  can readily be seen that the physical properties of vane material such 
as density and elast ic i ty ,  as  well as dimensions, affect  mechanical strength. 
Since, however, the mass  and shape of the vane combined w i t h  i t s  component's 
configuration determines iner t ia ,  a scope f o r  optimization emerges because both 
damping and frequency depend on inertia as well as on aerodynamic forces. 
Furthermore, since aerodynamic forces depend on vane planform, ultimately strong 
interdependence between aerodynamic and structural aspects become evident. 
Finally, the design should preferably be simple and so lend i t s e l f  t o  easy, 
low-cost manufacture which generally adds to the commercial attractiveness of 
the product. 
The design of a vane also depends a great deal on the particular mode of 
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application, such as steady or unsteady f low, subsonic or supersonic speed and 
so on. For example,  vanes des igned for  sens ing inc idence angles of  the a i r  from 
an a i r c r a f t  may d i f f e r  cons ide rab ly  f rom vanes employed a t  a meteorology stat ion. 
A vane designed to  w i ths tand  hand l i ng  under  f i e ld  cond i t i ons  wil have t o  be more 
rugged and thus would have, more i n e r t i a  t h a n  a vane used i n  a l abo ra to ry  under 
cont ro l led  cond i t ions .  But  even  a l i g h t  vane  must  be adequately s t i f f   t o  ward 
o f f   a e r o - e l a s t i c   e f f e c t s .  
Thus each p a r t i c u l a r  a p p l i c a t i o n  wil p r o b a b l y  r e s u l t  i n  a d i f f e ren t  des ign  
which  must sa t is fy  spec i f i c  requ i rements .  However, i n  o rder  to  des ign  vanes f o r  
a p a r t i c u l a r  purpose, t h e i r  aerodynamic performance c h a r a c t e r i s t i c s  must f i r s t  be 
established.. Under  aerodynamic  performance i s  l i s t e d  t h e  lift, drag, and aero- 
dynamic moment o f  a p a r t i c u l a r  vane conf igurat ion.  
Performance Parameters 
The dynamic behavior o f  wind vanes may be character ized as a damped p e r i o d i c  
osc i l la to ry  mot ion  ana ly t i ca l l y  represented  by a second o rde r  d i f f e ren t i a l  equa t ion  
which i s  l i n e a r  as long as the torque produced by aerodynamic forces i s  l i n e a r  
wi th  angle of  inc idence.  In  pract ice,  torque is  indeed found to  be l inear  under  
s teady f low condi t ions for  smal l  angles of  inc idence prov ided the vane i s  i s o l a t e d  
( s ing le ) .  The r e l e v a n t  t h e o r y  i s  summarized i n  Appendix A. The accuracy o f  
theore t ica l  p red ic t ions ,  however, ' . f a l l s  s h o r t  f o r  some bi-vane conf igurat ions and 
fo r  sma l l  aspec t  ra t i o  vanes with short  armlength.*  The r e l e v a n t  t h e o r y  f o r  
bi-vanes i s  presented i n  d e t a i l  i n  Appendix B. 
It i s  n o t e d  t h a t  p e r i o d i c  o s c i l l a t o r y  vane motion i s  d e s i r a b l e  because the 
a p e r i o d i c ,  c r i t i c a l l y * *  damped mot ion  theo re t i ca l l y  requ i res  i n f i n i t e  t ime  fo r  t he  
displaced vane to  re tu rn  to  i t s  equ i l i b r i um,  ze ro -d i sp lacemen t  pos i t i on .  Pe r iod i c  
motion provided with adequate damping,  however, wil enable the vane t o  s w i f t l y  
r e t u r n  t o  i t s  e q u i l i b r i u m  p o s i t i o n  t h r o u g h  a few o s c i l l a t i o n s  w i t h  r a p i d l y  
decreasing amplitude. 
Resu l ts  o f  l inear  theory  fu rn ish  the  fo l low ing  express ions  fo r  damping r a t i o ,  
* The s t u d y  o f  vanes w i th  shor t  a rmlength  is  cons idered t o  be  beyond the  scope 
o f   t h i s  paper. 
** O r  more t h a n   c r i t i c a l  . 
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natural and  damped frequency, and time response, respectively, for isolated 
(single) vanes : 
Dampi ng Ratio : 
Natural Frequency: 
1/2 aSrn  1  /2
wn = 27Tfn = (e> (") u 
Damped Frequency : 
Ud = 2nfd = 2nfn $1 - 52 
Time Response : 
From the above expressions the following appear: 
( 1 )  since I ar; (see Appendix C )  , the  linear  theory, by eq. (1),  predicts 
that  damping, for  a specified vane size,  shape and mass, becomes directly pro- 
portional to the square root of the armlength (rn 'I2) whereas the natural 
frequency of the oscillation, by eq. ( 2 )  becomes inversely proportional to the 
square root of the armlength (rn -'I2). From this,  i t  appears that  if  armlength 
is considered the main variable, damping  can only be increased a t  the  expense of 
frequency response. One may also observe that damping is independent Of--while 
frequency i s  proportional tO--AIRSPEED. 
(2) on the other hand,  assuming a constant armlength and vane size,  both 
damping  and natural frequency become inversely proportional t o  the square root 
of iner t ia  of the system. Thus both damping  and frequency can be simultaneously 
improved by reducing iner t ia  to  a possible min imum.  T h i s  may  be attained through 
7 
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reducing mass  by either employing lighter materials or by decreasing the thickness 
of the materi a1 or both. 
(3 )  damped frequency depends on both natural frequency and  amping ra t io  
(see eq. ( 3 ) ) .  Thus the experimenter generally recognizes that the observed 
damped frequency decreases w i t h  increasing d,amping  and vice versa. 
( 4 )  effects of  damping  and natural frequency combine i n  the time response 
parameter (eq. ( 4 ) )  which predicts the actual time required f o r  the amplitude of 
a damped oscil lation to decrease t o  a certain preselected value. For example, 
assuming BR = 0.01 B,, the  quantity 2 ~ l n  ( B , / B ~ )  = ?9 approximately, thus 
tR = 29/fnS. 
In order to express time response i n  terms of design "constants" eqs. ( l ) ,  
( 2 ) ,  and (4)  are combined, resulting in 
tR = const I 
a l l 2  u Srn2 
where 
const = - In ( B ~ / B ~ )  6 4 1 ~ ~  
P 
In a f i r s t  approximation the secondary masses may  be neglected. Thus  for 
the vane alone 
I = I, = pv ty Srn2 
hence 
pv tv 
tRa 
I t  may  be noticed that eq. (5a) appears t o  be independent of  arm1 ength. 
Thus for a specified  airspeed U, eq. (5a) predicts that light vanes w i t h  h igh  
lift-curve slope will yield the 'most satisfactory time response. However,  where 
the term I includes the inertia of both counterbalance and support  shaft, the 
expression is no longer free o f  armlength. S t i l l ,  f o r  optimum response the arm 
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needs t o  be the shortest possible i n  order t o  minimize iner t ia ,  and this may  be 
attained i n  practice by attaching the vane directly t o  the pivotal shaft of 
oscillations  (ref.  [ll]). 
By multiplying time response w i t h  velocity one obtains the response length 
p v  tv -iR = u t R  a -
a 1 / 2  , 
which is a characteristic 
therefore i s  a convenient 
constant for a specific design configuration and 
parameter, being independent of a i r  speed. 
As fa r  as  the stiffness of the vanes is concerned a des ign  parameter can be 
established from the simple theory of beams, assuming that the vane deflects only 
under aerodynamic forces and i t s  deflection follows the laws of canti 1 evered beams. 
I t  i s  proposed t o  relate the deflection of the t i p  of a vane under consid- 
eration to i t s  semi-span and  compare this w i t h  the stiffness of a rectangular 
vane  of the same semi-span and surface area. The relative deflection or  the 
st iffness parameter of a rectangular wing w i t h  assumed uniform loading 
where IA = Crti/12. For non-uniform loading, such as  the el l ipt ical  l i f t  
distribution, the expression requires correction. 
Clearly, the vane planform (shape) affects the second moment o f  the vane 
a t  the root  where the maximum bending occurs, thereby influencing the deflection 
of the t i p .  For  exampl e ,  a vane w i t h  a trapezoidal planform of the same thickness 
and surface area equal t o  that  .of a rectangular wing will be s t i f f e r  because i t s  
section modulus will be larger at the root. The stiffness of the trapezoidal 
vane, however,  can  be  made equal to  that  of the rectangular vane by reducing i t s  
thickness, t h u s  making the vane lighter. 
Furthermore, the vane p'lanform also affects damping because the l i f t  curve 
slope a = C n / B  is strongly  aspect  ratio-dependent  as shown by experiments. In 
particular, since the l i f t  curve slope for rectangular and trapezoidal planforms 
i s  about the same, f o r  equal relative deflection the latter vane  shape i s  
preferable t o  the former due t o  i ts  lesser thickness. 
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TEST  EQUIPMENT 
Al exper imen ts  re la t i ng  to  aerodynamic cha rac te r i s t i cs  o f  vanes  were 
performed i n  the windtunnels at  Old Dominion Universi ty.*  More p a r t i c u l a r l y ,  
these experiments were f i r s t  concerned with f o r c e  and moment measurements o f   a l l  
the  models under consideration. These were subsequently fol lowed by separate 
tests  concerning damping  and frequency.  Final ly,  most model con f igura t ions  
were a l s o  s u b j e c t  t o  d e t e r m i n a t i o n  o f  i n e r t i a .  
(a)  The f o r c e  measurements included both the lift and the drag components. 
The models were mounted t o  a ca l ibrated s t ra in-gage st ing-balance system** which 
was furnished by NASA Langley Research Center complete with readout equipment. 
The s t i n g  was supported by a support mechanism tha t  a l lowed the  ang le  o f  a t tack  
t o  be var ied  between p l u s  and minus 15 degrees, o r  between zero and 30 degrees. 
The apparatus a1 so reg is te red  moment about  the point  o f  suppor t .  The general 
arrangement o f  t h e  ba1anc.e and readout equipment set up a t  t h e  e x i t  o f  t h e  open 
windtunnel i s  shown i n  Figure 1, w h i l e  t h e  s t i n g  and support mechanism s e t  up 
i n  the closed windtunnel i s  shown i n  F igure 2. 
( b )  The damping c h a r a c t e r i s t i c s  were ob ta ined  w i th  the  a id  o f  a mechanism 
that al lowed the models to swing freely about a v e r t i c a l  a x i s .  The models  were 
mounted i n  a v e r t i c a l  p o s i t i o n  t o  t h e  downstream end o f  a l i g h t  h o r i z o n t a l  r o d ,  
whi le the upstream end o f  t h e  r o d  was prov ided wi th  an adjustable counterbalance 
f o r  s t a t i c  b a l a n c i n g .  W i t h  t h e  a i d  o f  a potent iometer and a m p l i f i e r ,  t h e  
o s c i l l a t i o n s  o f  t h e  models were t ransmi t ted  to  a su i  tab le  recorder  wh ich  pr in ted  
the mot ions graphical ly.  A t r i g g e r  mechanism was prov ided to  enable the models 
t o  be s e t   i n i t i a l l y   a t  a d e s i r e d  o f f s e t  a n g l e  i n  t h e  a i r s t r e a m  and then released 
manua l l y  t o  osc i l l a te  f ree l y  abou t  the  ax i s .  The general  arrangement o f  t h i s  
apparatus i s  shown i n  F i g u r e  3. 
(c)  For the moment o f  i n e r t i a  measurements o f  t h e  models, a smal l  portable 
hor izonta l  turntab le suppor ted by a v e r t i c a l  s h a f t  was employed. I n  o r d e r  t o  
produce o s c i l l a t o r y  m o t i o n  a s p i r a l  s p r i n g  w i t h  l i n e a r  c h a r a c t e r i s t i c s  was  wound 
around  the  shaft and thus provided the returning torque. To m i n i m i z e  f r i c t i o n ,  
t he  sha f t  was guided by a i r  bear ings,  to  which the a i r  was suppl ied f rom the 
* I n  t h e  f i r s t  s e t  o f  experiments  the open-end windtunnel was employed, b u t  
i n  subsequent t e s t s  t h e  3 f t x 4 f t (.914 m x 1.219 m) r e t u r n  c i r c u i t  t u n n e l  
was u t i l i z e d .  
** The balance support was spec ia l l y  des igned  fo r  t h i s  p ro jec t  by  the  
inves t iga tors .  
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compressed a i r  system o f  t he  Eng ineer ing  School, and the pressure was regulated 
by a reducer as shown i n  F i g u r e  4. 
(d )  Models tes ted  may be c lass i f i ed  i n to  the  fo l l ow ing  Ca tegor ies :  
1. I s o l a t e d   ( s i n g l e )  vanes 
2. Bi-vanes (2  separate vanes) 
3 .  Box-and-cone-vanes 
4. Cruciform-vane  configurations. 
1. I s o l a t e d  ( s i n g l e )  vanes c o n s i s t e d  o f  f l a t  p l a t e s  f e a t u r i n g  v a r i o u s  
planform conf igurat ions.  They were made o f  .0625 in.  (1.6 mn)-thick 
hard aluminum wi th  approx imate ly  20 in .2 (.0128 m2) pro jected sur face 
area.* Al models were provided with rounded leading and t r a i l i n g  edges. 
A l together  14  d i f fe ren t  con f igura t ions  were tested wi th  var ious aspect  
ra t ios  rang ing  f rom 0.5 t o  5. D e t a i l s  o f  model con f igura t ions  are  shown 
i n  Figures  5(a) and 5(b).  
2. Bi-vane models consisted of f l a t  p l a t e s  arranged i n  p a i r s ,  each having 
10 in.2 (.0064 m2) projected surface area and the same aspect r a t i o  o f  
2.5. I n  one o f  t h e  models the vanes  were separated by a f i xed  d i s tance  
of 5.1 in .  ( .129 m) whi 1 e i n   t h e   o t h e r  model the d is tance between the 
vanes was va r iab le .  I n  the  model w i th  the  f i xed  d i s tance  the  vanes were 
prov ided w i th  h inges  w i th  the  p ivo t  s i tua ted  a t  ha l f  chord  d is tance under  
the surface, and the  ang le  o f  inc idence o f  each vane could be changed 
by tu rn ing  the  vane about i t s  p i v o t .  I n  t h e  o t h e r  model each vane was 
fas tened  to  an arm which could be rotated about a s i n g l e  p i v o t  l o c a t e d  
on t h e  a x i s  o f  symmetry. I n  both models t h e  vanes could be a l igned 
pa ra l l e l  w i th  the  a i r s t ream,  o r  cou ld  be o f f s e t  t o  e i ther  fo rm a 
d iverg ing  vane p a i r  known as a " d i f f u s e r "  o r  a converging vane p a i r  
known as a "contract ion" .  As wil be  seen l a t e r ,  p o s i t i v e  o f f s e t  
ang les  denote  d i f fus ing  conf igura t ion  wh i le  the  negat ive  o f fse t  ang les  
r e f e r  t o  c o n t r a c t i n g  stream. De ta i l s  o f  b i - vane  models are given i n  
Figures 6( a )  and 6(b). 
* Sur face area of  one s ide  on ly .  
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3. Box-and-cone-vane models consisted of  vanes j o i n e d  a t  t h e i r  t i p s  and 
thus forming a cont inuous  sur face  l i ke  the  s ides  of an open  box o r  a 
cone. S i n c e  t h e  t r a i l i n g  v o r t i c e s  were e l iminated (due to  jo ined t ips) ,  
the aspect  ra t io  des ignated as being 2.5 i n  r e a l i t y  l o s e s  i t s  c l o s e  
associat ion wi th  the theory of  f in i te  wings.  Four  cone-vanes , each 
having approximately 5 i n .  (.127 m)  mean diameter and 2 i n .  (.0508 m) 
w id th  were fabr ica ted  w i th  enc losed ang les  o f  0, 10, 20, and 30 degrees.* 
These models were provided with cruciform supports as shown i n  F igure 7, 
wh i l e  the  box  vane, a l s o  shown on the photograph i n  Figure 6, was 
p rov ided  w i th  on l y  a s ing le  ve r t i ca l  suppor t .  The cone and box  vanes 
were made o f  0.04 in. (1 mm)-thick aluminum. 
4. The cruciform-vane models  were rectangular ,  de l ta ,  t rapezoidal  , and 
sweptback planform each having 20 i n . 2  (.128 m 2 )  projected area and 
were made o f  0.04 in. (1 mm)-thick aluminum,  as shown i n  F igure 8. 
These models were vanes t e s t e d  f i r s t  as f l a t  vanes. 
Al o f  t h e  models described above were f i t t e d , i n  t u r n ,  t o  a small stream- 
line-shaped adaptor about 2 i n .  (0.051 m) long,  tha t  was p r o v i d e d  a t  one end w i t h  
s u i t a b l e  s l i t s  i n t o  w h i c h  t h e  models f i t t e d ,  w h i l e  a 0.25 in .  (6.3 mm) hole was 
bo red  in to  the  o the r  end of  the adaptor .  Th is  end f i t t e d  o v e r  t h e  s t i n g  b a l a n c e  
f o r  t h e  f o r c e  measurements or  over  the downstream end o f  t h e  s h a f t  employed f o r  
damping experiments. 
The s h a f t  employed f o r  damping was a l i g h t  0.25 i n  (6.3 mm) diameter 
a1  uminum tube which was plugged a t  t h e  upstream end, facing the stream, wi th 
a s t reaml ined fa i r ing .  A small moveable jockey weight was employed fo r  coun te r -  
ba lanc ing .  Dur ing  the  exper iments ,  sha f ts  w i th  t ra i l ing  lengths  rang ing  f rom 
1 i n .  (.025 m) t o  21 i n .  (.534 m) i n  l e n g t h  were employed. 
EXPERIMENTAL  METHOD 
Al experiments were performed under steady f low condi t ions.  
(a) Force Measurements 
The model under consideration was c a r e f u l l y  i n s t a l l e d  on t h e  s t i n g  and 
t h e  l e v e l i n g  screws were ad jus ted  un t i l  zero  lift was recorded on the readout 
* H a l f  o f  t h e  e n c l o s e d  a n g l e  i s  r e f e r r e d  t o  l a t e r  as divergence (when p o s i t i v e ) .  
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equipment. After noting this position as the zero incidence angle, the airflow 
was stopped.  Subsequently normal  and axial force, and pitching moment, were 
recorded a t  one-degree steps of incidence angle, from zero to 15 degrees, w i t h  
no a i r  flow present. These readings were necessary t o  correct steady flow values. 
The a i r  flow was then restarted and the same recordings were made of normal and 
axi a1 force, and pitching moment. Both i n  the open-end and closed tunnel , experi- 
ments  were  performed w i t h  an airspeed of 66 f t /sec (20.1 m/sec). T h i s  procedure 
was repeated for  each model tested. 
Extreme care was exercised d u r i n g  the tests t o  shield the sensitive strain- 
gage balance from any excessive force. I t  was always protected by a covering 
shield except while i n  use. 
( b )  Damping and frequency experiments. 
The assembled model , w i t h  shaft  and counterweight, was f irst  s ta t ica l ly  
balanced about the vertical axis ,* with the vertical ax is  se t  a t  a predetermined 
distance from the vane  aerodynamic center. The airstream was then established, 
the recorder started, and the model allowed to  t ra i l  f reely.  
In early tests of the single vanes the model  was se t  t o  a desired initial 
offset angle, then released and the oscillations recorded. Init ial  offset  angles 
consistently employed d u r i n g  the tests were 5, 10, o r  15 degrees. In addition 
t o  these angles, the model  was also "plucked" a t  random angles and these 
oscillations recorded. For a l l  l a te r  tes t s  involving  the  bi-vanes, box-and-cone 
vanes, and cruciform vanes, approximately 10 degree offset  angle was used. 
Damping experiments were f i r s t  performed primarily w i t h  constant-moment arm; 
t h a t  i s ,  the aerodynamic center of a l l  models  was a t  the same distance (rn) from 
the vertical axis. A 5-in. (0.127 m )  moment arm was  used for  each model  when 
practical. T h i s  resulted i n  a different moment of iner t ia  f o r  each  model. 
Subsequent tes t s  were performed w i t h  various moment arms. 
(c) Inertia Tests 
Moments o f  iner t ia  of the models were obtained by measuring the time of 
* The vertical axis was turned into horizontal position f o r  this procedure. 
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oscillations of the turntable. The  moment of iner t ia  included the mass of the 
model, counterweight, and supporting shaft. 
The models were f i r s t  assembled with the supporting shaft and counter- 
weight, and the assembly was subsequently placed on the turntable. Their 
centers o f  gravity, which had been marked prior t o  the model being tested, 
were located a t  the (vertical) axis of ro ta t ion .  The spring cqnstant of the 
table had been obtained ear l ie r ,  by measuring the oscillations of several 
cylindrical steel rods for which the moments o f  iner t ia  were calculated prior 
t o  each tes t .  
RESULTS OF EXPERIMENTS 
Lift ,  drag and pitching moment coefficients were evaluated from the 
measured normal and axial forces and moments for  each model  vane tested. 
For es tabl ishing l i f t ,  d rag ,  moment and aerodynamic center the following 
procedures were used: the strain gage balance employed for the experiments 
was designed t o  measure  normal Fn and axial Fa forces as we1 1 as  pitching 
moment.  With the measured  normal and axial  force  the 1 i f t  L and drag  D 
force respectively become 
L = F cos CY - Fa sin CY , D = F sin CY + Fa cos CY n n 
and by definition the l i f t  and d rag  coefficients become 
L c = -  
L qs ’ cD 
Since the moment  was measured about  the balance center, a procedure was 
adopted to  transfer this t o  a moment about  the leading edge.  Accordingly, by 
dividing the moment with the measured  normal force the aerodynamic center 
distance as measured from the  balance center was located. Subsequently th i s  
length was subtracted from the distance between the leading edge and the 
balance center, hence the aerodynamic center A . C .  measured  from the leading 
edge was established. This length i s  expressed  as fraction of the mean the 
chord x A e C  /c,  and by definition, the moment coefficient about the 
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I 
1 eadi  ng edge 
The resu l t s  o f  t hese  tes ts  a re  shown i n  Figures 9 t o  23, i n  which 
v a r i a t i o n   o f  CL, C,,, and CM with  inc idence  is  presented.  Because o f  
some speed f luc tua t ions  present  in  the  a i rs t ream,  the  da ta  recorded show 
some sca t te r ,  espec ia l l y  a t  l ower  ang les  o f  incidence. However, when the  mean 
values are plotted, the curves appear as f a i r l y  con t inuous  l ines ,  ind ica t ing  
sat is factory  consis tency.  
The damping c o e f f i c i e n t s  were obta ined f rom both ca lcu lat ions and d i r e c t  
experiments. S t r i c t l y  speaking  both  results  are  semi-empir ical i n  nature and 
employ exper imenta l l y  ob ta ined da ta  fo r  ca lcu la t ions .  The ca l cu la ted  damping 
c o e f f i c i e n t  f o r  s i n g l e  vanes was obtained from eq. (1 ) where exper imenta l ly  
obtained values were employed f o r  b o t h  t h e  lift curve slope a, and i n e r t i a  I .  
The experimental damping c o e f f i c i e n t  was eva lua ted  w i th  eq. A(9)* from the 
osc i l la t ions  recorded.  The peaks  were f i r s t  read from char t s  tha t  had been 
made by the recording apparatus, and subsequently, a weighted peak-rat io 
technique was a p p l i e d  t o  o b t a i n  a mean from the f i r s t  t h r e e  peaks recorded 
a f t e r  t h e  vane was r e l e a s e d  f r o m  i t s  i n i t i a l  o f f s e t  a n g l e  p o s i t i o n .  The mean 
was calculated from the "weighted" formula 
where AI, A2, A 3  a r e  t h e  f i r s t  t h r e e  peak ra t i os   ob ta ined   f rom  the   osc i l l a -  
grams  as  hown  on the accompanying  sketch. 
1 
ti me 
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Results on damping are presented i n  Figures 24 t o  88. 
Results o f  frequency are shown in Figure 29 where a sample of the 
experimental observations i s  presented.  Since all other results show a 
similar pattern, they are presented more completely i n  Table I1 , where a1 1 
damping, frequency and response length da ta  i s  l i s t ed .  
The time response characteristic of some vanes i s  presented in Figures 
30 t o  33 where specific time response T~ = l/fnc is plotted against airspeed. 
The location of  the aerodynamic center A . C .  from the  leading  edge, o r  
in the case of swept wings, from the leading apex, i s  shown in Figure 34. 
Discussion of the Results 
From the experimental observations , the aerodynamic performance of 
various model  wings  may  be assessed. Since a l l  models  were  of equal surface 
area (20 sq. in. o r  ,0129 m 2 )  and o f  equal moment arm (5 in. or .127 m )  in 
many instances, direct comparison between the models can be  made. 
Lift  , drag  and moment 
As  may  be anticipated from three-dimensional a i r foi l  theory,  l i f t  
characteristics and lift-curve slope ( a )  of s ingle  f la t  vanes appear t o  be 
strongly affected by aspect ratio. All the  curves show in  Figure 9 a non- 
linear  elation between l i f t -coeff ic ient  CL and incidence, a ,  accompanied 
by the var ia t ion o f  the  lift-curve  slope dCL/da. While there appears some 
simi la r i  t y  between the three sets of curves a t  1 ow incidences , ( i n  the range 
0 5 a 5 8 degrees) a marked difference occurs a t  higher incidences. Naturally, 
a t  low incidence angles, the l i f t  curve steadily increases w i t h  increasing 
incidence for a1 1 curves. 
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For the higher aspect r a t i o  (AR I 5) planforms the 1 i f t  curve s 
decreases a f t e r  about 8 degrees and s t a l l  occurs a t  about 11 degrees 
models 1,  9 and 14. No s t a l l  i s  experienced w i t h i n  the t e s t  range w 
7, th i s  being characterist ic to swept wings,  although some change in 
curve slope may  be observed. 
1 ope 
for 
' i t h  model 
the l i f t  
For the medium aspect ratio (AR + 2.5) planforms the largest var ia t ion  
of the lift-curve slope appears a t  low incidences  (in  the range 0 a 5 4 
degrees) and remains almost constant a t  h ighe r  incidences. 
For the low aspect ratio (AR + 1 ) planforms the general trend for the 
1 i f t  curve slope i s  t o  increase with increasing incidence a1 1 the way through 
the test  range. 
Since the theory i s  based on smal 1 oscillations , the results obtained 
over about half the test range (0-8 degrees) may  be considered important, 
while the other half (8-16 degrees) i s  of  academic interest .  While the l i f t -  
curves are shown in Figure 9 ,  some pertinent results also appear tabulated in 
Table I where a comparison i s  made between theoretical and experimental l i f t -  
curve slopes. I t  appears t h a t  the highest lift-curve slope is attained w i t h  
the AR + 5 models and bo th  the  rectangular (#1 )  and e l l i p t i c  (#9) planforms 
yield about the same average dCL/da value (about  4.97 and 4.89, respectively) 
over the f i rs t  e ight  degrees of  incidence.* The lowest lift-curve slope was 
found t o  be abou t  1 .6  for the del ta-wing model (#12) w i t h  AR + 1 , while even 
the ha1 f-aspect r a t i o  model (#8) showed a higher value , 2.12. 
I t   i s  of interest  t o  note t h a t  these experimental results are in fair 
agreement with theory as predicted by the "lifting-line" theory for lift- 
curve slope given by the result.: 
dC 
da 27r - 2 + AR L= AR 
However, they are generally in a surprisingly poor agreement w i t h  the corrected 
formula 
dCL - AR 
"
da 27r 
* The slope  near  origin is called the "initial" lift-curve slope, a, . 
where E i s   t he   semi -pe r ime te r   o f   t he   w ing   p lan .  
It i s   o f  some i n t e r e s t  t o  n o t e  t h a t  v a r i a t i o n  o f  t h e  Reynolds number 
i n f l u e n c e d  t h e  " i n i t i a l "  lift curve  slope t o  some extent ,  but  produced only  
a n e g l i g i b l e  e f f e c t  on the values averaged over the f i r s t   e i g h t  degrees. 
Results on drag (F ig.  10)  ind icate that  the wing (#l) which  produced 
the  h ighes t  l ift also produced the highest drag; consequently, the lowest 
drag o f  f l a t  p l a t e s  p l a y s  n o  s i g n i f i c a n t  r o l e  i n  t h e  t h e o r y  o f  o s c i l l a t i n g  
s i n g l e  vanes.  However, d rag   fo rces   a re   s ign i f i can t   fo r   b i -vanes .  
The  moment c o e f f i c i e n t , .  o f  t h e  vanes shown i n  Figure 11, f o l l ows  the  
p a t t e r n  o f  t h e  l ift c o e f f i c i e n t  and  has a p p l i c a t i o n  i n  l o c a t i n g  t h e  aerodynamic 
center, hence es tab l i sh ing  the  moment  arm. 
Results o f  experiments on l ift o f  bi-vanes i s   o f  cons iderab le  in te res t  
as  damping  can a t ta in  h igh  va lues  w i th  th is  type  o f  des ign . *  S ince  the  model 
employed  had the same aspec t  ra t i o  i n  a l l  expe r imen ts ,  t he  on ly  pa ramete r  was 
the trim angle,  that  i s  t h e  s e t t i n g  a n g l e  o f  each vane t o  t h e  f l o w  d i r e c t i o n .  
I n  one se t  o f  exper iments  the  d is tance between the  vanes was v a r i e d  w h i l e  i n  
another set  i t  remained constant. 
It appears t h a t  t h e  l i f t - c u r v e  s l o p e  becomes dependent on trim angle as 
w e l l  as o f  i nc idence  and i t  decreases w i th  i nc reas ing  trim. I n  f a c t ,  t h e  
i n i t i a l  l i f t - c u r v e  s l o p e  can  become nega t i ve  a t  o r i g in  o r  nea r  ze ro  i'ncidences 
as  hown i n  F igures  12(a) ,   (b)  and  15. I n  a d d i t i o n ,  t h e  lift c o e f f i c i e n t  can 
a l so  van ish  a t  some inc idence d i f ferent  f rom zero,  thus creat ing an add i t i ona l  
"equ i l i b r i um"  pos i t i on  where  no moment i s  developed.  Depending on t h e  o s c i l l a -  
tory mot ion the bi-vane may "hang  up" a t  t h i s  p o s i t i o n  o r  r e t u r n  t o  i t s  z e r o  
e q u i l i b r i u m  p o s i t i o n .  It was observed tha t  th is  on ly  occur red  a t  trim angles 
greater than 15 degrees. 
The "hang-up" i s ,  o f  course, due to  the  d rag  component s i g n i f i c a n t l y  
add ing  to  the  to rque.  In  the  case o f  a s i n g l e  vane, the  torque was computed 
from a s ing le  moment o f  t h e  aerodynamic f o r c e  a c t i n g  on the  vane;  however i n  
the case o f  bi-vanes the torque i s  the sum o f  f o u r  moments resu l t i ng  f rom two 
lift and  two drag forces act ing on the vane p a i r .  
* The exper imental   values  far   exceed  the  predict ions  by  theory,  see 
Figure B3, p. 120. 
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The drag of bi-vanes also depends on the trim angle and incidence as 
shown i n  Figures  13 and 16. Generally, drag depends on trim angle for low 
incidences; hence low drag i s  experienced w i t h  1 ow trim angle and vice versa. 
However, with increasing incidence the difference between the drag  curves 
gradually diminishes and from sixteen degrees upward, there appears no signifi-  
cant difference between the curves. I t  is also of interest  t o  note that  a t  
low incidences the drag of the lower trim angles ( 4  = 0, 5, 10) increases, 
b u t  t h i s  i s  n o t  the case w i t h  the higher trim angles ( 4  = 15, 20) when the 
drag s l ight ly  decreases f i r s t  with increasing incidence. The results-.are 
substantially equal for bo th  positive and negative trim angles. 
The  moment coefficients of bi-vanes represent a more  complex pattern as 
i t  obviously  includes both  l i f t  and drag  forces. For positive trim, Figure 
14 ( a ) ,  the rate of increase for ten degrees i s  the largest and for 20 degrees 
i s  almost zero. A t  about  eight degrees of incidence there appears a change 
and the roles reverse, inasmuch as the zero trim angle curve begins t o  increase 
more markedly while the ten degree curve tapers off. The 15 degree curve, 
which appears first  perfectly l inear with incidence, has the highest moment 
a t  ten  degrees incidence and also above 20 degrees.  (This may be of importance 
when considering i t s  high damping characteristics. ) Between 18 and 20 degree 
incidence the curves of the lower trim flatten o u t  while the curves of 
4 = 10,  15 and  20 degrees show increasing moment with incidence. 
The results on moments markedly differ for negative trim angles (Fig. 
15( b ) )  . Here zero moment occurs for @ = -20" a t  about 10 degrees of 
incidence,  thus  locating  the "hang-up" position. The 4 = -5" trim produces 
markedly lower moments than the I$ = +5" trim  while  the  higher trim angles 
produce remarkably poor results.  Clearly,  the  negative trim configuration i s  
wholly unsatisfactory for bi-vanes w i t h  variable distance between the vanes. 
Results on moments of bi-vanes with constant distance show similar results 
( F i g .  1 7 ) ,  notably, t h a t  negative trim angles produce results inferior t o  
positive angles. However, both the plus and the minus 20 degree trim show 
"hang-ups" (the $ = +20" a t  about 4 degrees, 4 = -20" a t  about 24 degrees 
of incidence), which leaves 4 = +lo" t h a t  produces satisfactory moment. 
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Results on lift f o r  c o n i c a l  vanes (Figs.  18(a)  and  (b)) show s a t i s f a c t o r y  
va lues  fo r  ?5O divergence as compared with zero divergence and w i t h  t h e  
AR = 2.5 f l a t  p l a t e .  However, fo r  h igher  pos i t i ve  d ivergence (10  and  15 
uegrees), the l i f t f a l l s  o f f  c o n s i d e r a b l y  and fo r  nega t i ve  10  and 15 degree 
cone angles  "hang-ups"  occur. 
Results on drag f o r  c o n i c a l  vanes (Figs.  19(a) and ( b ) )  show r e s u l t s  
s imi lar  to  those obta ined for  b i -vanes wi th  the curves converg ing at  h igher  
incidences and wi th  the drag being about  propor t ional  t o  the cone angle a t  
low incidence. 
Results on  moments (Figs.  20(a) and (b ) )  a re  most s a t i s f a c t o r y  f o r  z e r o  
d i v e r g e n c e ,  b u t  g r a d u a l l y  f a l l  o f f  and a t  10  and 15 degrees divergence the 
values are too smal 1 to  res to re  equ i  li br ium at  low inc idences.  
Resu l ts  per ta in ing  to  var ious  "c ruc i fo rm ' l  con f igura t ions  ind ica ted  sa t is -  
f a c t o r y  l i f t  and low drag for lower incidences as  shown i n  Figures 21 and 22. 
The  moment inc reased w i th  inc idence fo r  swept, trapezoid, and delta planforms, 
b u t  was f o u n d  r a t h e r  f l a t  f o r  t h e  r e c t a n g u l a r  model as  hown i n  F igure 23. Since 
"cruc i form" models  were made of  two convent ional  p lanforms in tersect ing at  r ight  
angles a t  t h e i r  a x i s  o f  symmetry, t h e  r e s u l t s  o b t a i n e d  f o r  lift, drag, and moment 
are expected to  genera l ly  be about the same value as i f  they  were f o r  s i n g l e  
p la tes.  Exper iments proved th is  to  be c o r r e c t  even when t h e  i n t e r s e c t i n g  p l a t e s  
were ro ta ted  by 45 degrees from a standing cross + t o  a t i l t e d  c r o s s  x o r i en ta t i on .  
Damping and  Frequency 
For  the var ious s ing le vane models, t he  resu l t s  fo r  cons tan t  arm length  
are  presented i n  Figure 24,  where  damping r a t i o ,  5,  i s  p l o t t e d  a g a i n s t  i n i t i a l  
o f f se t   ang le ,  Bo, i n  the  upper  half, and a g a i n s t  a i r  v e l o c i t y  i n  t h e  l o w e r  
h a l f   o f   t h e  page. 
S imi lar  exper iments were repeated for  the No. 1 model , u s i n g  d i f f e r e n t  
arm lengths  ranging  from 1 i n .  (.025 m) t o  5 in.  ( .127 m) as  hown i n  Figure 
25. Addit ional  experiments were  performed  using arm length  f rom 7 i n .  (.178 m) 
t o  1 8  i n .  (.456 m), i n c l u d i n g  t h e  e f f e c t s  o f  c o u n t e r  w e i g h t  s i z e  and s h a f t  
l eng th  on  damping; these resul ts  are shown i n  F i g u r e  26. 
The r e s u l t s  f o r  arm length  less  than 5 in. (.127 m) i n d i c a t e  a r e l a t i v e l y  
l a rge  sca t te r i ng  o f  t he  exper imen ta l  damping ra t i o ,  wh i l e  the  ca l cu la ted  
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damping is presented as a single horizontal line because of i t s  independence 
of a i r  speed and in i t ia l  o f fse t  angle. The large scatter at  low damping was 
caused by the difficulty i n  obtaining accurate readings due to the slow 
decrease i n  the amp1 i tude  of  the  osci 1 lations. 
Generally, the experimentally obtained damping r a t i o  was found to be 
.higher than the theoretical prediction and a t  times the discrepancy between 
the two exceeds 100%.  In isolated  instances, however, some experimental 
points do f a l l  near the calculated lines. As indicated i n  Figure 26, the 
predicted values move closer t o  the experimental results w i t h  less scattering 
as the arm length increases and will even become equal a t  a certain armlength. 
A t  th i s  length the experimental and theoretical (calculated) curves intersect 
and with further increasing arms the experimental results fall  sl ightly below 
the calculated values. This discrepancy could possibly be attributed t o  the 
bending of the rod a t  the larger armlength. The reason for the increasing 
discrepancy between theory and experiment for short armlength i s  n o t  fully 
understood b u t  i s  probably caused by the assumption of a single force acting 
on the vane a t  the aerodynamic center. This  assumption apparently holds well 
fo r  a long arm, b u t  may f a i l  f o r  a short arm. Experiments show t h a t  f o r  very 
short arms the theory. underestimates damping by a factor of almost four. 
O f  the single vanes tested models No. 1 and No. 12 yielded the best 
average damping characteristics f o r  a fixed armlength as shown i n  Table I I ( a ) .  
Damping of  bi-vanes increases w i t h  trim angles up t o  4 = 15" and,  t o  
some extent, improves w i t h  decreasing armlength, as shown in Figure 27. 
Results on bi-vanes w i t h  different vane thickness i s  shown i n  Figure 28  where 
armlength i s  replaced by arm angle (see Appendix B ,  F i g .  B2). I t  appears 
t h a t  f o r  both  vane thicknesses optimum condition occurs a t  arm angle, 
y = 40" and trim angle, 4 = +15". Average  damping values f o r  bi-vanes 
are presented i n  Table I I ( b ) .  The  vane w i t h  lesser thickness (inertia), however, 
produces the higher damping as may  be anticipated from theory. Since damping 
obtained by bi-vanes was found to '  be  much higher than t h a t  of single vanes, 
their application may  be  we1 1 worth consideration. 
The results of damping f o r  the box vane and various cone vanes w i t h  two 
different armlengths are presented i n  Table I I ( c ) .  I t  appears that  damping 
ra t i o  i nc reases  w i th  d i ve rgence  ang le  bu t  rema ins  subs tan t i a l l y  cons tan t  f o r  
negative divergence (convergence) with best damping ob ta ined  a t  t he  15 degree 
angle a t  the  longer  a rmlength .  
The damping o f  c r u c i f o r m  vanes i s   l i s t e d   i n  Tab le  I I (d )  and the  resu l t s  
c l e a r l y  i n d i c a t e  t h a t  a n e g l i g i b l e  d i f f e r e n c e  e x i s t s  between the two poss ib le  
o r i e n t a t i o n  marked + and x.  The r e s u l t s  show tha t  h ighes t  damping was 
exper ienced with model 27A. 
Frequencies were recorded f o r   a l l  experiments and were found t o  be i n  
accordance wi th  theory which predic ts  a d i r e c t  1 i n e a r   r e 1   a t i  on w i t h   a i r  
speed  and an i nve rse  re la t i on  w i th  a rm leng th .  S ince  a l l  r esu l t s  show s i m i l a r  
cha rac te r i s t i cs ,  a sample r e s u l t  o n l y  i s  p r e s e n t e d  i n  F i g u r e  29, w h i l e  a l l  
o t h e r  r e s u l t s  a r e  l i s t e d  i n  T a b l e  11. It i s  noted that  no at tempts were made 
to  p red ic t  f requency  by  theory .  
Time Response 
Since damping increases and frequency decreases with increasing armlength,  
designers may face the problem which var iable (or parameter)  to choose as 
the i r  bas is  fo r  des ign  f rom the  two a1 t e r n a t i  ve courses avai l  able. They may 
f i n d  i t  imprac t ica l  to  des ign  a  vane t h a t  s a t i s f i e s  t h e  demand f o r  b o t h  
h igh  damping  and high frequency. 
The present study shows t h a t  t h e  t h i r d  a1 te rna t i ve ,  namely the t ime 
response o f  the vane, which combines the frequency and the damping i n t o  a 
single parameter, may be a s a t i s f a c t o r y  b a s i s  f o r  d e s i g n ,  e s p e c i a l l y  f o r  f a s t  
response  requirements.. 
It i s  shown [see  Appendix A, Eq. A(15) ] ,  that  the t ime requi red for  a 
vane t o  r e t u r n  t o  some s p e c i f i e d  f r a c t i o n  o f  i t s  o r i g i n a l  o f f s e t  i s  i n v e r s e l y  
proport ional to the frequency-damping pro.duct, and tha t  t he  response time thus 
becomes i n v e r s e l y  p r o p o r t i o n a l  t o  a i  rspeed. The p l o t t e d  r e s u l t s  appear f a i r l y  
c o n s i s t e n t  a t  a l l  speeds as  hown i n  Figures 30, 31 and 32. It appears t h a t  
a p a r t i c u l a r  vane con f igu ra t i on  wh ich  y ie lds  a t  some speed a c e r t a i n  response 
t ime w i  11 a lso  mainta i  n i t s  r e 1   a t i  on r e 1   a t i v e   t o   o t h e r  vanes and the curves 
run   cons is ten t ly   para1   le1  
For  s ing le vanes the  
are c lear ly  demonstrat ing 
o r  n e a r  p a r a l l e l  w i t h  each other. 
e f f e c t s  o f  a r m l e n g t h  and a i r s p e e d  f o r  No. 1 model 
the decreasing time response w i th  inc reas ing  a i rspeed 
22 
and decreasing  armlength,  as shown i n  Figure 30. For constant  armlength, 
Figure 31  shows the effect of planform on time response revealing a considerably 
faster  response for the higher ,and medi um aspect r a t i o  rectangular wings 
(models No. 1 and 4).  
Conveniently, rectangular wings  can also be attached directly t o  an axis 
of rotat ion* (like the "Richardson" vane; see Ref. [20]), hence i t s  armlength 
may  be reduced t o  an absolute minimum  which incidentally is the distance 
between leading edge and AC. Therefore rectangular planforms may  be selected, 
from practical considerations, as probably the best choice. And while the 
high aspect ratio wing  has better time response the low aspect ratio wing 
( A R  = 1 o r  1 /2 )  has the practical advantage of h a v i n g  the shorter side 
attached t o  the pivotal shaft of oscillations (Ref. [20]). 
For bi-vanes there appears a marked decrease of time response w i t h  
increasing  trim up t o  $I = 15" and arm angle as shown i n  Figure 32. Here the 
top  four curves show the improvement in time response with increasing trim for a 
constant 10-degree arm angle, while the remaining curves show the improvement with 
increasing arm angle for the constant 15-degree trim. These results are again 
represented i n  Figure 33  where time response is plotted against arm angle for 
various airspeeds. These curves appear t o  have  minima  which a1 1 occur a t  
approximately 40 degrees arm angle. These results are considered satisfactory 
and could be even further improved by varying the aspect ratio o r  the distance o r  
both  between the vanes. Such effor ts ,  however,  were considered beyond the 
scope of the present study. 
Response characteristics of box.  and cone vanes as well as the remaining 
cruciform configurations are summarized in Table I1 where the results of a1 1 
vanes are also shown for convenience. The reason for this may be attributed 
to the experience gained with single and bi -vanes which indicates t h a t  much 
of the results can  be effectively and indeed conveniently presented in tabular 
form. More particularly the table also shows response length ( l a s t  column) 
which i s  defined  as  velocity times  response time (see Eq. 5bj .  Thl's Ts a 
convenient parameter being independent of airspeed. 
I t  appears from Table I I ( c )  t h a t  response 
also  decreases w i t h  decreasing  amlength. For 
response length was attained w i t h  ' the  5-degree 
* The axis of rotation is also the centerline 
length for the above models 
the cone  vane the optimum 
divergence angle for the long arm. 
of  the shaft of oscfllations. 
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b u t  w i t h  t h e  10-degree divergence angle f o r  t h e  s h o r t  arm. For cruci form vane 
conf igura t ions  the  bes t  resu l ts  were a t t a i n e d  w i t h  model 27A f o r  b o t h  t h e  
s h o r t  and long arm, f o l  lowed  by Model No. 26. 
As pred ic ted  by  theo ry  the  resu l t s  i nd i ca te  tha t  t he  A.C.  was indeed  found 
a t  a d i s tance  o f  qua r te r  cho rd  fo r  some models , wh i le  fo r  o the r  p lan fo rms  it 
was found a t  d i f f e r e n t  l o c a t i o n  g e n e r a l l y  a t  a greater distance from the leading 
edge, as shown i n  Figure 34. The r e s u l t s  a l s o  show f o r  most vanes an increase 
o f   th is   d is tance  w i th   inc reas ing   inc idence.   Note   tha t   the   loca t ion   o f  A.C.  i s  
a f r a c t i o n  o f  t h e  mean chord c given  by  the  expression c = S/b. - 
CONCLUSIONS 
1. The exper imenta l ly  obta ined damping r a t i o  f o r  s i n g l e  vanes was found 
genera l ly  h igher  than the va lues predic ted f rom ex is t ing theory where exper i -  
men ta l l y  ob ta ined  l i f t - cu rve  s lope  resu l t s  were  employed f o r  t h e  c a l c u l a t i o n s .  
2. Damping proved t o  be independent o f  a i r s p e e d  and dependent on 
armlength, i n  accordance wi th   theory.  However, the  discrepancy  found between 
the exper imenta l ly  obta ined damping and calculated values appear to be 
s t rong ly  in f luenced by armlength and f o r  s h o r t  arms the  theo ry  fa i l s  a l t oge the r .  
This conclusion suggests a r e v i s i o n  o f  t h e  e x i s t i n g  t h e o r y .  
3. The t e s t s  show t h a t  r e c t a n g u l a r  s i n g l e  vanes w i th  h igh  aspec t  ra t i o  
planforms and having long arm, and a l s o  swept or del ta planforms, produce 
h igh  damping. 
4. Natural   f requency  proved  to  . increase  consistent ly and l i n e a r l y  w i t h  
a i r  speed  and decrease with increasing armlength,  i n  accordance wi th  theory.  
The frequency r a t i o  was found h ighest  for  the h igh aspect  ra t io  p lanforms 
(model 1 and 9) f o r  t h e  same armlength and the  lowest  fo r  the  low aspec t  ra t io  
vane. 
5. Since damping increases and frequency  decreases  with  armlength i t  
would be imprac t ica l  to  des ign  a vane t h a t  s a t i s f i e s  t h e  demand f o r  b o t h  
h igh  damping  and high  f requency.  Instead,  to  predict   the  most  sui table  design, 
a single parameter embodying the combined e f f e c t s  o f  f r e q u e n c y  and damping i s  
proposed e i t h e r  i n  t h e  f o r m  o f  t i m e  response o r  response length. For single 
vanes t h e  f a s t e s t  time response was recorded f o r  t h e  h i g h  and medium aspect 
ra t io  rectangular  p lanforms;  i n  a d d i t i o n  t o  t h e s e  two, short response was a lso  
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obtained i n  models 9, 10 and 14. Since  response  increases  with  armlength, f o r  
fast  response best  resul ts  can be poss ib ly  obta ined wi th  the shor test  arm. 
6. Bi-vanes were found t o  produce high damping r a t i o s  and values we1 1 
i n  excess o f  s i n g l e  vanes  were  measured dur ing  the  tes ts .  However, performance 
o f  bi-vanes was found to  be c r i t i c a l  l y  dependent on trim angle as we1 1 as o f  
armlength (or arm angle) and optimum r e s u l t s ,  i n c l u d i n g  response length, were 
obtained with p o s i t i v e  15-degree trim and 40-degree arm angle (short  arm b u t  
no t  the  shor tes t ) .  Above 15-degree trim angle the bi-vane has a  tendency t o  
"hang-up," t h a t  i s  t o  s e t t l e  i n t o  a  d i f f e ren t  equ i l i b r i um pos i t i on  f rom the  
o r ig ina l  p r i o r  t o  osc i l l a t i ons .  B i - vanes  se tup  w i th  nega t i ve  trim angle  proved 
ra ther  unsat is fac to ry .  
7. Experiments showed t h a t  cone  and box vanes were p a r t i c u l a r l y  s e n s i -  
ti ve t o   d i  vergence angle. Posi ti ve divergence produced satisfactory dampi ng 
and response l e n g t h  a t  t h e  p o s i t i v e  15-degree divergence but negative divergence 
(convergence) was 'found, as i n  t h e  case o f  b i -vanes ,  unsat is fac to ry .  A lso  fo r  
these models response length decreased with decreasing armlength. 
8. Results on damping o f  c ruc i fo rm vanes i n d i c a t e  no subs tan t i a l  d i f f e rence  
between t h e  o r i e n t a t i o n  + o r  x. For the 1 ong  arm the h ighest  damping  and 
shor test  response length was obta ined wi th  a " t rapezoidal "  conf igurat ion (model 
27A) const ructed wi th  No. 11 planform.  For  the  shorter arm o n l y  a  s l i g h t  
improvement f o r  the response length was not iceable.  
9. Both damping  and time  response can  be further improved by employing 
l i gh t  ma te r ia l s  and /o r  by keeping the thickness of  the vanes a t  a minimum. 
S ince  s t i f f ness  o f  t he  vanes i s  a l s o  c r i t i c a l ,  t h e r e  appears a conceivable 
t rade -o f f  by employing such planforms which more e f f e c t i v e l y  r e s i s t  b e n d i n g  
( l i k e  a del ta wing) a1 though t h e i r  response length  migh t  be somewhat l ess  
favorable. 
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Mode 1 
Number 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
Aspect. 
Rat io 
5 
5 
1 
2.5 
1 
2.5 
5 
.5 
5 
2.23 
TABLE I 
COMPARISON BETWEEN  THEORETICAL AND EXPERIMENTAL  .LIFT-CURVE  SLOPES (dCL/dcr) 
AR 2n - 2 + AR 
Uncorrected 
dCL/ da 
4.48 
4.48 
2.09 
3.49 
2.09 
3.49 
4.48 
2.50 
4.48 
3.31 
1.2 
1.2 
2.0 
1.4 
2.414 
1.814 
1.614 
3 
1.076 
1.499 
AR 
Corrected 
2a 2+oAR 
dCL/da 
3.927 
3.927 
1.571 
2.856 
1.423 
2.403 
3.119 
1.79 
4.25 
2.623 
Experimental ly 
Obtained 
I n i  ti a1 
L i f t  Curve 
W L / d d o  
5.15,  4.81 
5.27,  4.75 
4.995 
4.06,  4.01 
4.035 
1.72 
3.03 
2.63, 2.12 
2.37 
2.98,  3.49 
3.25 
4.01,  3.49 
3.75 
2.52, 2.40 
2.46 
3.49,  4.35 
3.92 
1.78, 1.83 
1.81 
Mean f o r  
8" 
~ 
5.04,  4.87 
5.04,  4.93 
4.97 
5.04,  4.01 
4.52 
2.12 
3.67,  3.61 
3.64 
2.23,  2.29 
2.26 
3.66,  3.66 
3.66 
4.29,  4.29 
4.29 
2.18,  2.06 
2.12 
5.15, 4.64 
4.89 
2.92,  2.75 
2.83 
1 
Mean f o r  8" 
Corre la ted Wi th:  
AR 2a - 2 + AR 
F a i r  
Good 
Good 
F a i r  
F a i r  
Fai r 
F a i r  
Poor 
F a i r  
Poor 
AR : + O A R  
~ ~~~ ~~ 
Poor 
Poor 
Po0 r 
Very Poor 
Very Poor 
Very Poor 
Very Poor 
Poor 
Po0 r 
F a i r  
TABLE I (contd) 
Mode 1 
Number 
11 
12 
13 
h) 
\o 
14 
Aspect 
Ratio 
2.5 
1 
1.27 
5 
Experimentally 
AR AR Obtained Mean for 8" 2a - 2 + AR I n i t i a l  
' 
2a Correlated With. 
Uncorrected AR AR Mean for Lift Curve Corrected E - Perim. dCL/ da 2a 2+oAR 27T m 8' (dCL/da l o  dCL/da 2b 
3.49  3.034  1.270 3.21,  3.20 Good 3.38, 3-43 3.20  3.40 Poor 
2.09 1.378  2.561 1.54,  1.72 Poor 1.66,  1.54 1.68 1.60 Fair 
2.36  1.997  1.571 1.54,  1.83 Fair 2.29,  2.18 1.. 68 2.23 Fai r 
4.48  3.528  1.38 3.72,  3.60 Good ' 4.58,  4.46 3.66 4.52 Very Poor 
TABLE I 1  
6 Vane Model No. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
4 
4 
4 
NATURAL  FREQUENCY,  DAMPING RATIO AND  RESPONSE 
LENGTH OF VARIOUS VANES 
(a) S ingle  Yanes 
" 
" 
,127 
" - - 
.127 
.127 
.127 
-127 
.127 
.127 
.127 
.127 
.127 
.127 
,127 
.127 
.051 
.076 
.lo2 
.203 
.229 
-305 
.381 
.406 
.457 
.533 
.376 
.251 
.190 
Damping 
Rat io ,  5 
.123 
"" 
.098 
.112 
.111 
.098 
. lo2  
.084 
. lo9 
.118 
.099 
.126 
. lo4  
. lo4  
. lo2  
,110 
.121 
.143 
.141 
.161 
.170 
.174 
,172 
.171 
.146 
,130 
.115 
30 
Frequency R a t i o  
fn/U (cycles/m) 
0.174 
"-" 
0.109 
0.160 
0.114 
0.154 
0.170 
0.120 
0.179 
0.153 
0.168 
0.114 
0.114 
0.176 
0.231 
0.217 
0.198 
0.171 
0.159 
0.138 
0.129 
0.120 
0.111 
0.101 
.1145 
.1400 
.1583 
Response 
Length 
U/fnS (m)  
46.7 
"" 
93.6 
55.8 
79.0 
66.3 
53.7 
99.2 
51 .. 3 
54.0 
60.1 
69.6 
84.3 
54.6 
42.4 
41.9 
41.7 
40.9 
44.6 
45.0 
45.6 
47.9 
52.4 
57.9 
59.8 
54.9 
54.9 
-.. .. . . " 
TABLE I1 (contd) 
(a )  Single Vanes (contd) 
Response 
Damping 
U/f,,c ( m )  fn/U (cycl es/m) Ratio, 6 rn t m  Model No. 
Length, Frequency Rat io ,  
4 .122 .099 .1915 
44.4 .2474  .091 .058 4 
46.2 .2326 .093 .076 4 
50.7 .2098 .094 .lo2 4 
52.7 
Vane 
A m' en7 t h  , 
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TABLE I1 (contd) 
(b) Bi-vanes, Const. Vane  Distance (Model #18)  1.6 mm Thick 
Vane  Trim 
\ngle, ("1 
0 
5 
10 
15 
0 
5 
10 
15 
0 
5 
10 
15 
0 
5 
10 
15 
0 
5 
10 
15 
0 
5 
10 
15 
-I- 
" 
- 
-~ 
.376 
.376 
.376 
.376 
.251 
.251 
.251 
.251 
.190 
.190 
.190 
.190 
.122 
.122 
.122 
.122 
. lo2 
. l o2  
. lo2  
. lo2  
.076 
.076 
.076 
.076 
Damping 
Ratio, 5 
.119 
.126 
.149 
,220 
,104 
.121 
.132 
.198 
.097 
. lo5  
.126 
.224 
.078 
.091 
.118 
.233 
.070 
.087 
.125 
,250 
.044 
.061 
.084 
.208 
I 
L 
-. 
Frequency  Ratio, 
fn/U (cycl es/m) 
.~ " " _  
.0917 
.0975 
.0934 
.0640 
.1118 
.1195 
.1149 
.0841 
.1315 
.1422 
.1436 
.lo92 
.1628 
.1745 
.1825 
.1458 
.1821 
.1923 
.2022 
.1655 
.1637 
.1843 
.1995 
.1678 
Response 
Length , 
U/fn5(m) 
.. ~ 
91.6 
81.4 
71.9 
71.0 
86.0 
69.2 
65.9 
60.1 
78.4 
67.0 
55.3 
40.9 
78.8 
63.0 
46.4 
29.4 
78.4 
59.8 
39.6 
24.2 
138.8 
88.9 
59.7 
28.7 
~~ 
.- 
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TABLE I1 (contd) 
(b) Bi-Vanes (contd) (Model #18A) 1 mm Thick 
Vane 
Trim Angle 0 ( O )  
0 
5 
10 
15 
0 
5 
10 
15 
0 
5 
10 
15 
0 
5 
10 
15 
0 
5 
10 
15 
rn (m 
.251 
.251 
.251 
.251 
.190 
.190 
.190 
.190 
.122 
.122 
.122 
.122 
. l o2  
. lo2 
. lo2 
. l o2  
.076 
.076 
.076 
.076 
Damping 
Ratio, 5 
.131 
.142 
.167 
.251 
.120 
.129 
.149 
.241 
.092 
.lo3 
.147 
.283 
.086 
.092 
.140 
.302 
.052 
.067 
,109 
.262 
Frequency Ratio, 
f n / U  (cycl es/m) 
.1423 
.1494 
.1507 
.0837 
.1620 
.1713 
.1861 
.1195 
.2058 
.2197 
.2282 
.1673 
.2326 
.2380 
.2608 
.2304 
,1852 
.2286 
.2487 
.2112 
Response 
Length, 
UIfnS (m 1 
53.6 
47.1 
39.7 
47.6 
51.4 
45.3 
36.1 
34.7 
52.8 
44.2 
29.8 
21.1 
50.0 
45.7 
27.4 
14.4 
103.8 
65.3 
36.9 
18.1 
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TABLE I1 (contd) 
(c )  Box (Model #20) and Cone (Models #19A, 21,  22, 23) Vanes 
Vane 
Model No. 
20 
20 
23 
21 
22 
19A 
21 
22 
19A 
23 
21 
22 
19A 
21 
22 
19A 
Armlenqth Rat io ,  5 
,251 .115 
.251 .157 
.071 .046 
.071 ,155 
.251 ,106 
.251 . 1-23 
.251 .120 
.251 .174 
.251 .096 
.251 .065 
.251 .099 
.071 .060 
.071 .090 
.071 .138 
.071 .128 
.071 .076 
.071 ,071 
,071 ,100 
Damping 
rn (m 
- 
" 
L 
Frequency Ratio, 
fn /U (cycles/m) 
,125 
.076 
.203 
.125 
.1159 
.1226 
,0868 
.0649 
. lo73 
.0550 
.0403 
.1982 
.2170 
.1512 
.1557 
.1946 
.1266 
.0796 
Response 
. Length, 
U/fn< (m) 
69.5 
83.8 
107.1 
51.6 
81.4 
66.3 
96.0 
88.6 
97.1 
279.7 
250.6 
84.1 
51.2 
47.9 
50.2 
67.6 
111.3 
125.6 
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I 
TABLE I 1  (concld) 
( d )  Cruciform Vanes (Model #24, 25,  26,  27,  27A) 
Vane 
Model No. 
24 + 
24 x 
25 + 
25 x 
26 + 
26 x 
27 + 
27 x 
27A + 
27A x 
24 + 
24 x 
25 + 
25 x 
26 + 
26 x 
27 + 
27 x 
27A + 
27A x 
Arm1 eng t h 
rn (m 1 
.251 
.251 
.251 
.251 
.251 
.251 
.251 
.251 
.251 
,251 
.094 
.094 
.056 
.056 
.122 
-122 
,086 
.086 
.068 
.068 
Damping 
Ratio, 5 
.lo5 
.lo2 
.lo8 
,104 
.119 
.121 
.129 
.126 
.132 
.129 
.075 
.075 
.078 
.071 
.lo2 
.lo2 
.097 
.092 
.096 
.093 
Frequency Ra t i  o , 
f n / U  (cycl  es/m) 
.1266 
.1186 
.1150 
.lo87 
.1311 
.1243 
.1288 
,1212 
.1302 
.1198 
.1892 
.1848 
.1860 
.1776 
.1946 
.1821 
.1812 
.1803 
.2045 
.1960 
Response 
Length , 
U / f n E  (m 1 
75.2 
82.7 
80.5 
88.5 
64.1 
66.5 
60.2 
65.5 
58.2 
64.7 
70.5 
72.2 
68.9 
79.3 
50.4 
53.8 
56.9 
60.3 
50.9 
54.9 
NOTE: Symbol + o r  x shows r e l a t ive  o r i en ta t ion  o f  vane surfaces .  
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. 
36 
Figure 2. Sting  balance  located  inside 3' x 4 '  closed wind tunnel. 
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" " ". .. . . -. .... 
Figure 3. Apparatus  set-up  for  measuring  damping  and  frequency. 
38 
Figure 4. Oscillating turntable set-up f o r  measuring moment o f  inertia. 
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Figure 5(b) .  Photographs o f  f l a t  p l a t e  vanes. 
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Figure 6. Design details o f  bivanes (18A, 16) and o f  the boxvane (28A) 
42 
Figure 6 ( b ) .   P h o t o g r a p h i c   d e t a i l s  o f  bivane   models   inc luding  a " V "  vane 
and a ' 'box"  vane. 
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Figure 8. Photographs of cruciform vane models. 
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Figure 19. Variation  of  drag w i t h  incidence and angle o f  divergence  for  conical 
vanes. 
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F igure  20. - Concluded 
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Figure 21. Variation o f  lift wi th  incidence  of  cruciform  vane  configurations. 
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Figure  22. V a r i a t i o n  o f  d r a g  w i t h  i n c i d e n c e  o f  c ruc i fo rm vane conf igura t ions .  
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Figure 23. Variation  of  moment  with  incidence  of  cruciform  vane  configurations. 
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Figure  32. Var ia t ion  o f  t ime response w i th  a i rspeed fo r  B i -vanes  as 
a f f e c t e d  by arm and trim angle (y and 4 )  and thickness. 
- . .  
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APPENDIX  A 
BRIEF  REVIEW OF LINEAR  THEORY.FOR  ISOLATED  WIND VANES 
The  oscillatory  motion  of  a  wind  vane  exposed  to  an  airstream  may  be  com- 
pared  to the  motion  of  a  mass  connected  to  the  well-known  mechanical  spring 
and dashpot  system, Fig. A1 (a). In the  latter case,  the  mass displaced  by 
distance x is  returned by an  active  spring  force Fs which  is  considered  to 
be  proportional  to  the  displacement  x: 
where k is the spring constant. A passive force Fd , called  damping,  is 
generally  assumed  to  be  proportional  to  the  velocity: 
where d is  the  damping  coefficient. 
By Newton's  Second  Law,  for  dynamic  equilibrium  the  forces must be  balanced 
by the  time  rate  of  change of the  momentum,  hence, 
d (mv) = m - d2x s .d dt dt2 F + F  = -  
Substitution for Fs and Fd results in a differential equation 
m - + d - + k x = O  d2x  dx dt dt 
Assuming a solution  of  the  form x = est , it  follows  that 
(ms2 + ds + k) est = 0 
The  roots of the  bracketed  term 
furnish  the  general  solution 
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where  x ,= x0 , when  t = 0. 
Critical  damping  is  defined by the  condition 
which yields  the relation  between  critical  damping  coefficient  and sprilng 
constant 
= dcrit = 2 f i  
Similar  reasoning  can  be  applied  to  the  motion o f  an  oscillating  wind  vane. 
A vane is  generally a  flat  plate of some plan  configuration  which  is  mounted  to 
one end of a pivoted  lightweight arm,  while  at  the  other  end of the  arm  some 
counterweight is  mounted for static  .balancing, Fig. A1 (b). When  exposed  to  an 
airstream  moving  with  .velocity U , the  vane  is free to  swing  about the pivotal 
axis. If the  vane  is  initially set  at  an  angle to  the  airstream  and  released, 
the  resulting  motion  is  generally a damped  oscillation. 
The vane  experiences an aerodynamic  force  which  may  be  resolved  into  two 
components: a  force Fn norma2 to  the  vane  surface  acting at its center of 
pressure,  and Fa , a  force  acting  parallel  with  the  surface.  If the  vane  sur- 
face lies in the  centerline  of  the  arm,  the  force Fn is  also  normal  to  the 
arm  and  is at  rn  arm-length  distance  from  the pivotal  point. 
When  the  vane is  rotating about  the  pivotal  point,  the  incidence  angle B 
changes  with  time  and  the  vane  assumes a velocity  normal to. the  arm 
Vn = rn dg/dt.  From  the  vectorial  addition  of U and Vn there  results a 
re’lative  velocity  Ur , hence  the  relative  angle  of  incidence Br enclosed 
between  the  relative  velocity  and  moment  arm, Fig. A1 (c),  is given  by  the  rela- 
tion 
fir = tan-1[ U sin u cos B + rn B dB] 
For  small  angles of incidence  tan B ra B and cos B x 1 , hence 
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When the vane is  displaced from i t s  center of equilibrium, the normal 
force Fn produces a returning  torque Fnrn and  under  dynamic equilibrium 
condition 
- F r  = I  d28 n n  aF 
where I is  the moment of inertia of the oscillating mass system. 
A u n i t  angle torque is introduced 
which, upon s u b s t i t u t i o n ,  yields 
Upon rearranging terms, the oscillatory motion of the vane i s  described by the 
differential  equation 
Properties of vane motion, such as damping, frequency and time response will 
now be discussed i n  turn. 
I. Damping 
In  comparing equation (2 )  w i t h  equation ( l ) ,  i t  appears that the mass i s  
replaced by  moment of inertia I , the damping coefficient d by the term 
Nrn/U , and the spring constant k by the u n i t  angle-torque N . By introducing 
damping of the vane 
the general solution of equation ( 2 )  may  be written i n  a form similar to the 
solution of equation (1) 
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B = B, exp [sl + s27  t 0 
where 
s1 2 = [- 
and the ini tia 
21 @7]  
1 displacement  qngle B = BO when  t = 0 . 
Critical damping is defined by the  condition 
hence 
D = D c = 2 f i  
For subcritical damping 
($2 < ;- 
hence 
- 
where j = a . By the identity e'j' = cos o + j sin 0 , 
D - - t  
= B0e *I 2 cos ut 
where 
is considered  angular  frequency o f  the damped oscillations. 
One  criteria  of  yane  effectiveness is the.rate..of  diminishing  amplitude of 
oscillations. This is expressed by the damping ratio 
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Upon s u b s t i t u t i o n   f o r  D and Dc one obtains 
F o r  e v a l u a t i o n  o f  ' t h e  damping r a t i o  two procedures are open: e i ther  (a )  t o  
ob ta in  N from aerodynamic f o r c e  measurements on  the vane; or ( b )  t o  measure 
the  ac tua l  damping o f  t h e  o s c i l l a t o r y  motion. 
Procedure  (a). The aerodynamic f o r c e  Fn normal t o   t h e  moment arm i s  
general l y  expressed  as 
Fn = Cn (1/2 pU2) S 
Wi th  th is  va lue  the  un i t  ang le  to rque becomes 
N =  
In t roduc 
F r  C 
= 1/2 P U ~ S  rn . 
'r  'r 
i n g  a = - 'n 
B r  
where k l  = 1/2 . Equation ( 6 )  i s  employed to   ob ta in   t he   ca l cu la ted  
damping ra t i o .   Fo r   t h i s   ca l cu la ted   va lue   o f  5 i t  appears tha t   he  damping 
i s  p r a c t i c a l l y  i n d e p e n d e n t  o f  a i r  speed  because t h e  v a r i a t i o n  o f  a w i t h  a i r -  
speed i s  r e l a t i v e l y  smal 1. 
I n   eva lua t i ng  a the  usual  procedure i s   t o   s u b s t i t u t e   f o r  Cn the lift 
c o e f f i c i e n t  CL and f o r  8, the  angle o f  incidence 'a . 
Hence 
Since f o r  small angles o f  a t tack  the  lift curve slope o f  each surface employed 
for  the wind vane i s  p r a c t i c a l l y  c o n s t a n t ,  we  may w r i t e  
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cL dCL a=a=da= cons t . 
The value of a may be obtained from aerodynamic t e s t s  on vanes. 
Procedure (b). For damping t o  be establ  ished f rom experiments , the vane 
o s c i l l a t i o n s  must be f i r s t  recorded. The experimental damping r a t i o  5 then 
may be obtained from the decrease i n  amplitude o f  the osc i l l a t i ons .  
Concerning damped o s c i  1 l a t i o n s  , the  envelope t o  the  amp1 i tude o f  peaks o f  
o s c i l l a t i o n s  i s  obtained f rom the c r i t i c a l  condition. I r t h i s  case the amplitude 
o f  t he  o s c i l l a t i o n s  decreases logar i thmica l ly ,  
D - x t  B = Boe 
Counting the t ime lapse A t  between two consecut ive o s c i l l a t i o n  peaks o f  
the same sign, n and n + 2 
Since f o r  c r i t i c a l  damping D = <Dc and Dc = 2 , upon s u b s t i t u t i o n  
the ampli tude " r a t i o "  o f  o s c i l l a t i o n  between two consecut ive peaks o f  t h e  same 
s ign becomes 
The symbol h i s  f requent ly  r e f e r r e d  t o  as "overshoot." 
Between any m consecutive peaks the formula becomes 
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where m = 1, 2, 3,  . . . 
The damping r a t i o  may be ob ta ined  by   so lv ing   equat ion   (8 )   fo r  e . Denoting  the 
rec ip roca l   o f   the   overshoot  , then 1 
1 Bn I n  - = Am = In - 
n+m h 
one obta ins 
So lv ing   f o r  5 y ie lds  the  exper imenta l  damping r a t i o  
I I.  Frequency 
The frequency o f  o s c i l l a t i o n s  i s  o f  c o n s i d e r a b l e  i n t e r e s t .  By Eq. A(5a), 
f o r  damped osc i l la t ions the angular  f requency 
S e t t i n g  D = 0 one obtains  the  natural  angular  frequency of  undamped o s c i l l a t i o n s  
n =a 
With  the  re la t ions  
and 
one obtains from Eqs. (10) and (11) 
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41N 
Subs t i t u t i ng  D = ED, and Dc = 2 , and  by  combining Eqs. A(10)  and A ( 1 1 )  
t h e  r e l a t i o n  between na tura l  and damped frequency becomes 
c 
Natural frequency may be expressed i n  terms o f  vane des ign.  Subst i tu t ing 
S r n  i n t o  Eq. A(11)  , one obta ins 
where 
Equation  A(13) i s  employed to   obta in   the  ca lcu lated  natura l   f requency.  From t h i s  
ca l cu la ted   va lue   o f  fn i t  appears that   he  natura l   f requency is d i r e c t l y  
propor t ional  to  a i rspeed.  
In  p rac t ice ,  the  na tura l  f requency  may be d i rec t l y  ob ta ined f rom the  
expression* 
- 1  
fn A t  (6 - 2.275) N 1 4 )  
where both A t  and 5 are  obta ined  f rom  the  recorded  graph  o f   osc i l la t ions.  
111. Time  Response 
The t ime  lapse  counted   fo r   the   osc i l la t ions   to   decrease  f rom B O  a t  t = 0 
t o  some spec i f i ed  B~ a t  tR is   the   t ime  response  o f   the  vane. This  parameter 
* MacCready  and Jex [ Z ]  recomnend t h e  use o f  (6.0 - 2.45) der ived  graph ica l l y ,  
a n a l y t i c a l  d e r i v a t i o n  y i e l d s  (6  - 2.275). 
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i s  extremely useful  when comparing the performance o f  vanes. 
Vane response time i n  terms o f  damping and natural  f requency may be obtained 
from the envelope o f  t h e  a m p l i t u d e  peaks given by the expression 
B = Bo exp (- + t) 
With 8 = 8~ when t = tR one obta ins 
With D = 52 
Since  natural  frequency fn = k& , the  time  response becomes 
Consider ing that  2s I n  - Bo i s  a constant,  say K3,  time  response becomes 
inve rse l y  p ropor t i ona l  t o  the  p roduc t  of natural frequency and  damping 
1 
8R 
For  comparative  purposes, assume t h a t  K3 = 1 , thus one obta ins the "speci f ic"  
time response 
Combination o f  Eqs. A(6) and (13 )  w i th  (16 )  y ie lds  
t R = K L (  U a rn2  I S ) 
where 
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Thus for a specified vane design response time appears to be inversely propor- 
tional  to  airspeed, tR = U’l . 
I 
I09 
Airflow U -
___t - - 
/ / / / / / / / / / / / /  
I 
Simple  spring and dashpot  mass 
system 
Counterbalance 
Vane 
\ \ \ \ \ \ \  
(b)  Pivoted  vane system  provided with 
counterbalance 
(c)  Velocity  Vector  diagram 
F i g - u  - Schematic  Diagrams pertaining to  theory of wind  vanes 
exposed to  an  airstream 
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APPENDIX B 
DYNAMICS OF BI-VANES 
Consider a p a i r  o f  vanes, r e f e r r e d  t o  a s  a b i - v a n e ,  c o n s i s t i n g  o f  f l a t  
sur faces,  su i tab ly  mounted t o  an arm which i s   f r e e   t o  swing about a p i v o t a l  
ax i s  P as shown (a)   on  top  o f   F igure B1. Here the  vanes  and the  arms are  
shown t o  be a l i g n e d   p a r a l l e l   w i t h   t h e   a i r s t r e a m  U , and  the  distance d 
between the  vanes i s   s p l i t   i n t o  equal halves so t h a t  each  vane i s  l o c a t e d  a t  
d/2  d istance  f rom  the  system  center l ine.   Since  the vanes are  hinged,  they 
can  be turned inward or outward, usual ly wi th equal  vane s e t t i n g  "trim" angle 
4 . When turned  outward +$I and when turned  inward -4 angle wi11 be 
ir idicated.  For  each vane, the  aerodynamic  enter AC i s  considered a t   q u a r t e r -  
chord  f rom  the  leading edge.  The aerodynamic moment arm Rv , t h a t  i s  t h e  
d is tance  located between the  aerodynamic  enter AC and t h e   p i v o t   p o i n t  P , 
encloses  the  angle y w i t h  t h e  f l o w  d i r e c t i o n  as shown (b) i n  t h e  c e n t e r  o f  
F igure B1, where f o r  t h i s  i l l u s t r a t i o n  b o t h  vanes are turned outward by an 
angle - 4  f rom  the   f low  d i rec t ion .  
I n  n e u t r a l  o r  e q u i l i b r i u m  p o s i t i o n  t h e  system c e n t e r l i n e  r f  a1 igns 
p a r a l l e l  w i t h  t h e  a i r f l o w  and the  aerodynamic forces, act ing on the vanes, 
balance  out. When, however, the  system c e n t e r l i n e  6 i s   d i s p l a c e d   b y  an 
angle B f r om the  f l ow  d i rec t i on ,  as  hown ( c )  on  bottom o f  F i g u r e  B1, the  
c o n t r i b u t i o n  o f  t o r q u e  o f  each  vane becomes unequal r e s u l t i n g  i n  a net  torque 
t h a t  wil produce some  damped o s c i l l a t i o n s  when the  vanes are  "se t  f ree ' '  from 
an o f f s e t  p o s i t i o n .  
I n  t h e  case o f  bi-vanes, i n  a d d i t i o n  t o  lift, the drag forces a lso develop 
torque, hence f o r   t h e  vanes A and B , and w i t h   t h e   n o t a t i o n  shown (c) i n  
F igure B1, the  net  torque  about P ( p o s i t i v e  i f  a n t i c l o c k w i s e )   i s   g i v e n  by . 
where 
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FDA R~ = C~~ q S RV sin(v + B )  
FDB 'B = 'DB q S Rv sin(y - B )  
are  the  torque  components and 
S = projected .surface  area  of one vane. 
Upon  defining  a  torque  coefficient,  averaged  for  the  torque  components 
Assuming  that  the  vanes  were not affected by multiplane  interference,  then 
the  values of both CL and CD  could be obtained  from  the experimental values 
of lift and drag coefficient  of isolated flat vanes. However, this  assumption 
did  not bear out  as  the vanes were indeed affected by each  other and the 
coefficients  must be calculated accordingly. 
In the "neutral" arm  position  when B = 0, each  vane  inclines to the  flow 
direction by equal 9 ; when,  however with B # 0 , A vane  becomes inclined 
to the  flow  direction  with  the  angle aA = + - B whi 1 e  the B vane  becomes 
inclined to the  flow  direction  with  the  angle ctB = I$ + 6 . 
Let 9 be specified and B be variable. As 8 increases one vane 
experiences increasing  lift, while  simultaneously  the  other  experiences  decreasing 
lift. Similar  considerations  apply  to drag -also. 
Thus,  for  a B displacement,  the  simultaneous  incidences  at  which  the  lift 
and drag coefficients  of  the vanes must be found  from  the CL and CD versus 
a curves,  are 
and 
resulting in lift and drag coefficients of the A and B vanes  respectively 
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- 
‘LB - ‘LaB ’, ‘DB - ‘Dag - 
In the case the vanes are  set parallel w i t h  the stream 4 = 0 a = aA = aB = 6 
thus 
‘LA - ‘LB - ‘La - - 
and 
‘DA = ‘DB - ‘Da - 
In this special case Equation (Bl) reduces to  
cV ( B )  = 2 cosy(CLa cos6 + CDa sing) - 
Curves  of cv plotted  against 6 angle  are shown i n  Figure B2, where the vane 
setting  angle 4 and the  angle y are parameters. Values of C L  and C D  
for vanes A and B were read o f f  a t  angles 4 + 6 and 4 - B . 
As i n  Appendix A ,  l e t  u n i t  angle torque* be defined a s  
Thus damping ra t io  becomes 
* Note change  of notation of C, and rn to  C, and R, . 
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Various plots of calculated  values of (T,,/B) against B are  also shown 
i n  Figure B2 w i t h  the vane trim angle $I and the arm angle y again used 
as parameters.  Since the  curves show considerable  variation of (r,,/~) w i t h  
B , the asswnption of N being constant does not hoZd generaZZy for bi-vanes. 
I t  holds  only for $I = 0 , i f  B i s  n o t  exceeding 4 degrees.  Therefore,  the 
necessary condition for linear theory t o  hold is  not  satisfied and the experi- 
mental results bear this out. 
For vanishingly small angles of (cv/B) write Equation (B3) 
In order t o  obtain the slope of the curves - " a t  B = 0 , differentiate 
dB - 
C, with respect t o  B 
With 6 + 0 , the l i f t  and drag coefficients  at  $I incidence become 
- 
c~~ - 'LB - c ~ +  
- 
and 
- 
C~~ - C~~ - c ~ +  
- 
Further,  since aA = $I - B and a B = + + 6 ,  one obtains: daA = -dB , 
daB = +dB , hence 
(2) = -CL+ dC dC sin y - cos y - cL+ 
daA 
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Upon collecting  terms, changing signs, and droppi,ng the  subscripts A and 
B y  one obtains  the  slope of the  curves a t  8 = 0 for i rwardzy  turned  vanes 
(4- 1 
I t  may  be  shown that for outmrdty turned vanes (++) 
For parallel vanes (+ = 0)  since both dC /da = 0 and C = 0 , Equation 
(B5) reduces t o  
D+ L+ 
-($) 8=0 = 2cos y [% + CD0] 
+ =O 
where dCL0/da i s  the l i f t  curve  slope and CDo i s  the  drag  coefficient a t  
O! = 0 . The negative  sign signifies  the  decrease  in Cy with increasing 8 - 
Curves o f  calculated (dcv/d8),,o against vane setting  angle + are 
plotted i n  Figure 82 where y i s  used as a parameter. 
I t  appears from Figure B2 t h a t  the curves peak a t  about  4 = 6 degrees and 
are a strong function of the arm angle y . While these  curves show a similar 
pattern for + = 0, 5, and 10 degrees, a markedly different curve appears 
when + at ta ins  15 degrees. I t  i s  noted t h a t  as far  as l i f t  i s  concerned 
a1 1 values shown in Figures B2, (a )  , ( b )  , (c )  , and ( d )  were calculated w i t h  the 
experimentally obtained l i f t  coef f ic ien ts  (shown i n  Figure 15) of  a rectangular 
bi-vane of aspect r a t i o  2.5, for  reasons that these results include effects of b i -  
vane interference. However, as f a r  as  drag is concerned, the coefficients of a 
single vane s h o w n ' i n  Figure 10 - of the same aspect ratio - were  employed.  For 
each $I = 0, 5, 10, and 15 degrees (and one.set  o f  20) fixed, angle 8 was 
varied stepwise us ing  1, 2 ,  4,  8 ,  12, 16, and 20 degrees. For example i n  
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Figure B2b, $ = 5 and  assuming B = 1 , = 5 + 1 = 6  and a g = 5 - 1 = 4 .  
Hence CLA = 0.340 , CLB = 0.220 , CDA = 0,0583 , CDB = 0,036  and so on. 
Again, the same l i f t  and drag results were employed t o  calculate (dcv/ds)B=O 
by establishing dCL$/da and dC /da a t  the appropriate $ angle on the 
graph when O! = 0 . 
D$ 
The predicted damping for  bi-vanes (as already stated earlier)  falls  
considerably below the  experimental  values. In Figure 83, the predicted damping 
i s  plotted against inertia ratio showing the decrease w i t h  increasing inertia 
for various arm angles and trim angles $. I t  i s  particularly interesting to 
observe the increase i n  the discrepancy between the calculated predictjon and 
the  experimental results as trim increases. For zero trim $ = 0, the 
discrepancy is fa i r ly  small and  even w i t h  $ = 5 degrees  the  prediction is  
reasonably  acceptable. W i t h  $ = 10 and 15 degrees, however, the  xperimental 
values f a r  exceed the predicted figures and there is a strong suspicion that the 
forces are greater on the vanes because of bi-vane interference. Further studies 
i n  this f ie ld  appear to be desirable. 
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i 
I . ’v+B ‘\ 
I 
Figure  B.1. Schematic  arrangement of bi-vanes. 
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0 4 8 12 16 20 
Displacement Angle, B , Degrees 
(a)  Trim Angle 4 = 0 Degrees 
Figure 82. Variation  of  torque  coefficient  with  displacement  angle 
o f  bivanes. 
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Figure 83. V a r i a t i o n  o f  damping r a t i o  o f  b i -vanes  w i th  vane i n e r t i a  (I/Iv) f o r  d i f f e r e n t  arm (y) and 
trim angles ( 4 ) .  
APPENDIX C 
INERTIA 
The i n e r t i a  I of a vane about the axis o f  o s c i  11 at ions  
I = 'C.G. + I X  
where 1C.G i s  t h e  i n e r t i a  o f  the vane about i t s  own c e n t e r  o f  g r a v i t y  and I, 
i s  t h e  i n e r t i a  o f  t h e  vane about the axis o f  o s c i l l a t i o n s .  
Accord ing ly ,  fo r  a rectangular  vane 
where rC. G. i s  distance between the  axis  and C.G. o f   the  p lanform.  I f  the 
aerodynamic center i s  l o c a t e d  a t  q u a r t e r  c h o r d  f r o m  t h e  l e a d i n g  edge 
rC. G. = rn + a and upon subs ti t u t i o n  one obta ins C 
I = bctpV [$ + (rn + . 
To t h i s  q u a n t i t y  must be  added t h e  i n e r t i a  o f  t h e  s h a f t  and o f  the counterweight 
b a l a n c e  t o  o b t a i n  t h e  i n e r t i a  o f  t h e  system. 
Upon expanding the bracketed term one o b t a i n s  f o r  a rectangular  vane w i t h  
the A.C. a t   qua r te r   cho rd  
where k = bctpV . 
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